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Abstract 23 
Purpose: To develop and use equations of spectacle magnification when the limiting stop is 24 
either the entrance pupil of the eye or an artificial pupil at the front of a lens.  25 
Methods: Spectacle magnification was determined for ophthalmic lenses in air and for water 26 
environments. The reference was the retinal image for an uncorrected eye in air with a natural 27 
pupil. 28 
Results: When an artificial pupil is placed at the front of lenses, spectacle magnification is 29 
hardly affected by lens power, unlike the usual situation where the natural pupil is used. The 30 
water environment provides interesting influences, in which spectacle magnification is highly 31 
sensitive to the distance between the cornea and eye entrance pupil. In water, retinal images 32 
are approximately 18% bigger than in air. Wearing air-filled goggles in water increases retinal 33 
image size by about 13% compared to when they are not worn. 34 
Conclusion: The equations extend earlier understanding of spectacle magnification and 35 
should be useful for those wishing to determine magnification of ophthalmic lens systems 36 
when artificial pupils and environments such as water are used. 37 
 38 
 39 
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Spectacle magnification (SM) is defined as 43 
𝑆𝑀 = retinal image size in an eye with an ophthalmic lens
retinal image size in eye without an ophthalmic lens        (1) 44 
It is also the apparent angular size of an object, when an ophthalmic lens is placed in front of 45 
the eye, relative to its actual angular size. Spectacle magnification is of considerable interest 46 
in visual optics as it affects visual performance measures such as visual acuity. 47 
 48 
Usually we are interested in the case where the eye has a refractive error which is corrected by 49 
the lens.  This situation is discussed in many texts e.g.1-4. Among other factors, spectacle 50 
magnification depends upon the distance between the back vertex of the lens and the entrance 51 
pupil of the eye, so that the spectacle magnification (and the required back vertex powers) of  52 
a contact lens and spectacle correction for the same eye are slightly different, with the contact 53 
lens SM always being closer to unity.5  54 
 55 
What is less widely recognised is that spectacle magnification will also be altered by the use 56 
of artificial pupils. An example is where reduced aperture contact lenses or corneal inlays are 57 
used in presbyopic corrections to increase the depth-of-focus: in this instance, the entrance 58 
pupil and lens effectively coincide, making SM close to unity.  More interesting is the case 59 
where an artificial pupil is placed near the ophthalmic lens, and is used in visual experiments 60 
to alter the effective size of the pupil of the eye in order to determine the influence of pupil 61 
size on vision performance.6,7 If the artificial pupil affects spectacle magnification, this may 62 
affect the interpretation of the results in relation to the natural situation when the eye provides 63 
its own pupil. For example, for the case of two point objects, the individual point-spread 64 
functions on the retina (blur circles) could be the same for the same entrance pupil size in the 65 
two cases but the separations of the two images would be different if the spectacle 66 
magnification differed. 67 
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 69 
This paper will investigate the influence of the location of aperture stops on spectacle 70 
magnification. This will be applied to different situations, such as vision in air and water. 71 
Because of this possibility, and having the reference as the retinal image for the uncorrected 72 
eye in air, equation (1) can be modified slightly to 73 
𝑆𝑀 = retinal image size in an eye with an ophthalmic lens system
retinal image size for eye in air without an ophthalmic lens system     (1a) 74 
 75 
Theory 76 
In common with previous treatments of this subject, we use as few of the parameters of the 77 
eye as possible and despite the form of equations (1) and (1a), do not need to determine 78 
retinal image sizes. The eye is not part of the optical system which is considered, although it 79 
does provide the reference position of its entrance pupil in the air environment and, where 80 
necessary, the radius of curvature of the anterior cornea.  81 
 82 
Figures 1 and 2 show the relevant setups. Spectacle magnification is given by  83 
𝑆𝑀 = 𝛼′ 𝛼�           (2) 84 
where α is the angle subtended by the object at the eye entrance pupil and α' is the angle 85 
subtended by the image at the exit pupil of the optical system. These angles are given by  86 
𝛼 = ℎ 𝑞�           (3a) 87 
𝛼′ = ℎ′ 𝑏�           (3b) 88 
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where h and h’ are object and image heights, respectively, q is distance from the eye entrance 89 
pupil to the object, and b is the distance from the exit pupil to the image. Replacing the right-90 
hand sides of equations (3a) and (3b) for α and α', respectively, into equation (2) gives 91 
𝑆𝑀 = ℎ′𝑞
ℎ𝑏
= 𝑀𝑇 𝑞 𝑏�          (4) 92 
Here MT is the transverse magnification h’/h. The transverse magnification of a single surface 93 
with reduced object and image vergences L and L’ is given by L/L’. For an optical system 94 
consisting of k surfaces, this relationship can be cascaded to  95 
𝑀𝑇 = 𝐿1𝐿2…𝐿𝑘𝐿′1𝐿′2…𝐿′𝑘         (5) 96 
For a single spectacle lens with the subscripts “1” and “2” referring to the front and back 97 
surfaces, respectively, we have  98 
𝑀𝑇 = 𝐿1𝐿2𝐿′1𝐿′2          (5a) 99 
Substituting the right-hand side of equation (5a) for MT into equation (4) gives 100 
𝑆𝑀 = 𝑞𝐿1𝐿2
𝑏𝐿′1𝐿′2
          (6) 101 
Starting with an object at distance l1 from the first surface of an ophthalmic lens in a medium 102 
of refractive index n0 (not necessarily air),  and using first surface power F1 and second 103 
surface power F2, lens central thickness t, and lens refractive index n1, raytracing through an 104 
ophthalmic lens using refraction and transfer equations gives the reduced vergences as 105 
𝐿1 = 𝑛0 𝑙1�           (7) 106 
𝐿′1 = 𝐿1 +  𝐹1          (8) 107 
𝐿2 = 𝐿1+ 𝐹11−𝑡 𝑛1� (𝐿1+ 𝐹1)         (9) 108 
𝐿′2 = 𝐿1+ 𝐹1+𝐹2�1−𝑡 𝑛1� (𝐿1+ 𝐹1)�1−𝑡 𝑛1� (𝐿1+ 𝐹1)         (10) 109 
Distance q is given by 110 
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𝑞 = 𝑙1 − 𝑡 − 𝑑 =  𝑛0 𝐿1� − (𝑡 + 𝑑) = 𝑛0−(𝑡+𝑑)𝐿1𝐿1      (11) 111 
where d is the distance from the second surface of the lens to the eye entrance pupil. 112 
Distance b depends upon the position of the stop.  113 
 114 
 115 
Stop at eye entrance pupil (Figure 1) 116 
If the stop is the eye entrance pupil, the exit pupil of the optical system coincides with the eye 117 
entrance pupil. Accordingly, the distance b is given by 118 
𝑏 =  𝑙′2 −  𝑑 =  1 𝐿′2� − 𝑑 = 1−𝑑𝐿′2𝐿′2          (12) 119 
Substituting the right-hand side expressions of equations (11) and (12) for q and b, 120 
respectively, into equation (6) gives 121 
𝑆𝑀 = 𝐿2[𝑛0−(𝑡+𝑑)𝐿1]
𝐿′1(1−𝑑𝐿′2)          (13) 122 
Substituting the right-hand sides of equations (8), (9) and (10) for L’1,  L2 and L’2, 123 
respectively, into equation (13) gives 124 
𝑆𝑀 = 𝑛0−(𝑡+𝑑)𝐿1
�1−𝑡 𝑛1� (𝐿1+ 𝐹1)�(1−𝑑𝐹2)−𝑑(𝐿1+ 𝐹1)       (14) 125 
As spectacle magnification is often expressed in terms of one surface power, usually the first 126 
surface power F1, and the back vertex power F’v, we obtain an equation for F2 as 127 
𝐹2 = 𝐹′𝑣 − 𝐹11−𝑡 𝑛1� 𝐹1 = 𝐹′𝑣�1−𝑡 𝑛1� 𝐹1�−𝐹11−𝑡 𝑛1� 𝐹1       (15) 128 
Substituting the right-hand side of equation (15) for F2 into equation (14) gives 129 
𝑆𝑀 = [𝑛0−(𝑡+𝑑)𝐿1](1−𝑡 𝑛1� 𝐹1)
�1−𝑡 𝑛1� (𝐿1+𝐹1)��1−𝑡 𝑛1� 𝐹1�(1−d𝐹′𝑣)−𝑑𝐿1      (16) 130 
 131 
Stop at first surface of lens (Figure 2) 132 
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If the stop is at the first surface of the lens, the exit pupil of the optical system is the image of 133 
the stop in the back surface of the lens. Accordingly, the distance b is given by  134 
𝑏 = 𝑙′2 − 𝑙′𝑝           (17) 135 
where l’2 is the distance from the lens second surface to the image and l’p is the distance from 136 
the second surface of the lens to the exit pupil.  l’2 is given by 137 
𝑙′2 = 1 𝐿′2 �           (18) 138 
and l’p is given by  139 
𝑙′𝑝 = 1−𝑛1/𝑡+𝐹2 = 𝑡 (𝑡𝐹2 − 𝑛1) �        (19) 140 
Substituting the right-hand sides of equations (18) and (19) for l’2 and l’p, respectively, into 141 
equation (17) gives 142 
𝑏 = 1 𝐿′2� − 𝑡 (𝑡𝐹2 − 𝑛1) � = 𝑡(𝐹2−𝐿′2)− 𝑛1𝐿′2(𝑡𝐹2−𝑛1) = 𝑡𝐿2− 𝑛1𝐿′2(𝑡𝐹2−𝑛1)    (20) 143 
 144 
We proceed as for the case of the stop at the eye entrance pupil. Substituting the right-hand 145 
sides of equations (11) and (20) for q and b, respectively, into equation (6) gives 146 
𝑆𝑀 = 𝐿2(𝑡𝐹2−𝑛1)[𝑛0−(𝑡+𝑑)𝐿1]
−(𝑡𝐿2+𝑛1)𝐿′1         (21) 147 
Substituting the right-hand sides of equations (8) and (9) for L’1 and L2, respectively, into 148 
equation (21) gives 149 
𝑆𝑀 = (𝑛1−𝑡𝐹2)[𝑛0−(𝑡+𝑑)𝐿1]
𝑛1
        (22) 150 
Finally, substituting the right-hand side of equation (15) for F2 into equation (22) gives 151 
𝑆𝑀 = [𝑛0−(𝑡+𝑑)𝐿1]�𝑛1−𝑡𝐹′𝑣�1−𝑡 𝑛1� 𝐹1��
𝑛1�1−𝑡 𝑛1� 𝐹1�
       (23) 152 
 153 
Results and Discussion 154 
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The main equations that describe spectacle magnification for the cases of the stop at the eye 155 
entrance pupil and at the lens are equations (16) and (23), respectively. As appropriate, 156 
equations (13) or (14) can be used instead of equation (16) and equations (21) or (22) can be 157 
used instead of equation (23). 158 
 159 
Equations (16) and (23) simplify under certain conditions. For example, if the object is in air 160 
and at infinity, setting n0 = 1 and L1 = 0 into equation (16) gives the well known equation 161 
𝑆𝑀 = 1
�1−𝑡 𝑛1� 𝐹1�(1−d𝐹′𝑣)        (24) 162 
 163 
Treatments of spectacle magnification appear in many texts. Ogle’s equation (28) is 164 
equivalent to equation (16) when the object is in air4. Jalie1 and Bennett2, 3 gave the standard 165 
equation (24) and then described changes to it when the object is at a finite distance.  166 
For example, Jalie gave the equation 167 
𝑆𝑀 = 1−(𝑡+𝑑)𝐿1
�1−𝑡 𝑛1� (𝐿1+ 𝐹1)�(1−𝑑𝐿′2)        (25) 168 
With appropriate substitutions for L’2 and F2 from equations (10) and (15), respectively, this 169 
equation is equivalent to equation (16) when the object is in air.  Bennett derived a proximity 170 
factor N to convert distance spectacle magnification as given by equation (24) into near 171 
spectacle magnification: 172 
𝑁 ≈ 1 + 𝑑2𝐿1𝐹′𝑣         (26) 173 
This can be derived from equation (16) for the spectacle magnification by assuming a thin 174 
lens (t = 0) in air (n0 = 1), using the binomial expansion, and ignoring powers in d higher than 175 
the second. 176 
 177 
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Spectacle magnification will now be determined for different conditions. Table 1 provides a 178 
summary. The eye entrance pupil is taken as 3.047 mm inside the eye to match that of the 179 
Gullstrand number 1 eye8, 9. 180 
 181 
Comparing ophthalmic lenses with stop at the eye entrance pupil and at the lens 182 
Figure 3 shows spectacle magnifications of a range of ophthalmic lens powers for the two 183 
stop positions and for object distances of infinity and −0.4 m from the anterior surfaces of 184 
lenses. The distance between lenses and the eye entrance pupil is taken as 17.05 mm. When 185 
the stop corresponds to the eye entrance pupil, SM for distance vision varies from 0.86, at −10 186 
D power, to 1.32 at +10 D power. Changing the object distance to near has minor effects only, 187 
at least for typical reading distances. This would be expected from the value of the proximity 188 
factor, N, given by equation (26), which is always close to unity since d is small. When the 189 
stop is at the lens, because of minimal deviation of the pupil ray at the lens, spectacle 190 
magnification varies little across the range of powers; for distance it is in the range 1.01- 1.02 191 
and for near vision it is in the range 1.05-1.09. 192 
 193 
These results show that placing artificial pupils next to ophthalmic lenses gives spectacle 194 
magnifications that are little affected by lens power. This is in contrast to the situation where 195 
there is no artificial stop but only the pupil of the eye, when, as shown above, the spectacle 196 
magnification can differ substantially from unity. 197 
 198 
Water media 199 
For vision in water without any spectacle aid or artificial stop, into equation (16) we can set 200 
n0 = 1.333, F1 = 0, and t = 0 to give 201 
𝑆𝑀 = 1.333−𝑑𝐿1
1−𝑑(𝐿1+𝐹′𝑣)         (27) 202 
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Here F’v is the back surface power F2 of the water environment, where the radius of 203 
curvature corresponds to that of the anterior cornea rc, and it is considered that there is an 204 
infinitesimally thin air film between the water and the cornea. Setting L1 to zero and F’v = F2 205 
simplifies equation (27) to 206 
𝑆𝑀 = 1.333
1−d𝐹2
          (27a) 207 
where F2 is given by 208 
F2 = (1 – 1.333)/rc         (28) 209 
For the Gullstrand number 1 eye, rc = 7.7 mm to give F2 = −43.247 D. Using this value, and 210 
setting d = 3.047 mm (as there is a zero vertex distance) gives SM = 1.1778. Note that the 211 
distance d is very important here because of the large value of F’v. If we ignored d, we would 212 
have SM = 1.333. 213 
 214 
Air-filled plano goggles surrounded by water and with the natural pupil 215 
In equation (16) we set n0 = 1.333, the refractive index of the water. n1 and t are the refractive 216 
index and thickness of the faceplate of the goggles. Assuming that the goggles are flat at the 217 
front and have zero back vertex power (F1 = F’v = 0), we have  218 
𝑆𝑀 = 1.333−(𝑡+𝑑)𝐿1
1−(𝑡 𝑛1� +𝑑)𝐿1          (29) 219 
Setting L1 to zero reduces this to SM = 1.333. This magnification is well known, but probably 220 
it is not realised that spectacle magnification is increased by only about 1.333/1.18 = 1.13 221 
times compared to the water environment when no goggles are worn. However, the most 222 
important difference between the situations is, of course, that in the goggle-wearing case the 223 
retinal images can be brought to an accurate focus because of the absence of the high negative 224 
power of the water-air interface as given in equation (28) for the goggle-free case. 225 
 226 
Plano water-filled goggles in air and with the natural pupil 227 
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This case is of interest in relation to studies in which it is attempted to simulate underwater 228 
vision through the wear of water-filled goggles, the test targets being in air. It is then 229 
necessary to compensate for refractive effects at the goggle surface. If we ignore the small 230 
effect of the material of the faceplate of the goggles, we effectively have a “correction” of 231 
water whose thickness t extends all the way between the anterior surface of the faceplate and 232 
the eye. The back vertex power of this “correction” again corresponds to the power of the 233 
water/air interface at the assumed thin film of air in front of the cornea (equation (28)).  Thus 234 
n0 and n1 are the indices of air and water, respectively, and d is the distance of the eye 235 
entrance pupil from the second surface of the “water correction”, i.e. the anterior cornea. In 236 
equation (16), setting n0 = 1, n1 =1.333, and F1 = 0, we have  237 
𝑆𝑀 = 1−(𝑡+𝑑)𝐿1(1−𝑡 1.333� 𝐿1)(1−d𝐹′𝑣)−𝑑𝐿1       (30) 238 
For a distance object, setting  L1 = 0 gives 239 
𝑆𝑀 = 1(1−d𝐹′𝑣)          (30a) 240 
 which for d = 3.047 mm and F’v = −43.247  D gives SM = 0.8836. 241 
 242 
Water-filled goggles, object in air, with the stop at front of goggle  243 
For a simulation of the effects of pupil size on vision in water, we placed water filled goggles 244 
on the eye with artificial pupils at the front of the goggles. This simulation is shown in Figure 245 
4. As before we essentially have a thick “water correction” and in equation (23), setting n0 = 246 
1, n1 = 1.333, and F1 =0, we have 247 
𝑆𝑀 = [1−(𝑡+𝑑)𝐿1](1.333−𝑡𝐹′𝑣)
1.333         (31) 248 
Setting L1 = 0 gives 249 
𝑆𝑀 = 1.333−𝑡𝐹′𝑣
1.333          (31a) 250 
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where F’v is again given by equation  (28). Spectacle magnification in this case is highly 251 
dependent on water thickness t in the goggles because of the high F’v. In Figure 5, we show 252 
spectacle magnification for water-filled goggles as a function of water thickness.  For typical 253 
depths of water within the goggles (≈15 mm) the magnification is quite high (≈1.5), 254 
substantially higher than might be expected on the basis of Snell’s law at a plane surface. 255 
 256 
Using equations (27a) and (31a), the ratio of spectacle magnification of a distant object 257 
observed in water through the natural pupil to that with the water-filled goggles with an 258 
artificial pupil in the plane of the anterior faceplate is given by 259 
𝑆𝑀 ratio = 1.3332(1−d𝐹′𝑣)(1.333−t𝐹′𝑣)       (32)  260 
This is the factor by which visual acuity with the simulation should be multiplied to estimate 261 
the true visual acuity in water. This is also shown in Figure 5. It has been applied in a study of 262 
the vision in the water environment10. 263 
 264 
Conclusion 265 
We have developed equations showing the spectacle magnification when the limiting 266 
stop is either the entrance pupil of the eye or an artificial pupil at the front of a lens. The 267 
reference was the retinal image for an uncorrected eye in air. For the artificial pupil at the 268 
front of lenses, unlike the usual situation, spectacle magnification is hardly affected by lens 269 
power. In water, spectacle magnification is highly sensitive to the distance between the 270 
cornea and eye entrance pupil. In water, retinal images are approximately 18% bigger than in 271 
air. Wearing air-filled goggles in water increases retinal image size by about 13% compared 272 
to when they are not worn.  273 
 274 
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Figure captions 278 
 279 
Figure 1. Determination of spectacle magnification when the stop is the eye entrance pupil. 280 
See text for details. 281 
 282 
Figure 2. Determination of spectacle magnification when the stop is at the front of an 283 
ophthalmic lens. See text for details. The differences between this and when the stop is at the 284 
eye are the different ray paths to the image, the different image angles α’, and the different 285 
distances b. 286 
 287 
Figure 3. Spectacle magnification of ophthalmic lenses as a function of back vertex power 288 
(D). The object is either at infinity or −0.4 m from the fronts of lenses. The stop coincides 289 
either with the eye entrance pupil (“eye”) or the fronts of lenses (“stop”). The distance 290 
between lenses and the eye entrance pupil is 17.05 mm, consisting of a 14 mm vertex distance 291 
from the lenses to the cornea and 3.05 mm from the cornea to the entrance pupil. The lenses 292 
are in air (n0 = 1), lens refractive index n1 is 1.5, front surface power is F1 = 6 + 0.5F’v, 293 
where F’v is the back vertex power, lens thickness t is 2 mm for negative powers and (2 + 294 
F’v) mm for positive powers, and all powers are in diopters. 295 
 296 
Figure 4. Details for determining spectacle magnification when water-filled goggles are in air. 297 
See text for details.  298 
 299 
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Figure 5. Spectacle magnification for water-filled goggles in air and the ratio of spectacle 300 
magnification in water to that with the goggles, both as a function of the water thickness in 301 
the goggles. The object is at infinity.  302 
 303 
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Figure 3 352 
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Figure 5 370 
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